We present ab initio embedded cluster studies on the mechanism of hydrogen exchange of methane with H-Zeolite Y. We found that inclusion of the Madelung field stabilizes the formation of a carbonium-like transition state, and consequently reduces the reaction barrier by 17-23 kJ/mol, relative to the corresponding bare cluster predictions. Using the CCSD(T)/6-31G(d,p) level of theory, including zero-point energy (∼10 kJ/mol) and tunneling (1.6 kJ/mol) corrections, the activation energy is predicted to be 124 ( 5 and 137 ( 5 kJ/mol for hydrogen exchange from two different binding sites. These predictions agree well with the experimental estimate of 122-130 kJ/mol. We also found that it is necessary to include the Madelung potential to find preferrential proton siting at site O1 versus site O4, in agreement with experimental observation.
Introduction
Zeolites are important technological materials due to their many applications. Some important catalytic applications include catalysts for petroleum refining, synfuel production, and petrochemical production. [1] [2] [3] [4] The Brønsted acid site has been established as the primary active site for zeolite catalysis; however, little is still known of the mechanistic details for reactions occurring at these sites. For instance, in zeolite catalyzed cracking, isomerization, and alkylation of hydrocarbons, most proposed mechanisms involve proton transfers from the Brønsted site to the hydrocarbon adsorbate to form carbonium (pentacoordinated carbocations) or carbenium ions (tricoordinated carbocations) as reactive intermediates; [5] [6] [7] [8] [9] however, there is still little empirical confirmation of the nature of these intermediates.
Hydrogen/deuterium exchange of methane with the Brønsted proton of zeolites has been used as a prototypical reaction of hydrocarbons with zeolites. From a technological point of view, this is an important step in the catalytic conversion of methane to desired products or liquid fuels which is currently one of the greatest challenges in catalysis science. From a fundamental point of view, this reaction is among the simplest elementary processes that can be studied experimentally and theoretically to provide understanding for interactions of hydrocarbons with zeolites at the molecular level. Even for this simple reaction, its mechanism is not yet fully understood, despite numerous studies.
The original experimental and theoretical work for this reaction were reported by Kramer et al. in Nature in 1993. 10 By measuring the evolution of the infrared absorption spectrum, the authors were able to extract the isotope exchange rates between CD 4 and the Brønsted proton of H-Zeolite Y and H-ZSM-5 in the temperature range between 620 and 750 K. Their theoretical results from ab initio quantum cluster calculations at the Hartree-Fock (HF) level using a tri-tetrahedral (3T) H 3 Si-OH-Al(OH) 2 -O-SiH 3 cluster did not support the existence of the carbonium-like structure either as the transition state or the intermediate. In fact, the authors reported a transition state structure resembling two free H atoms lying between a CH 3 radical and the zeolite framework. Later theoretical studies done by Evleth et al., 11 using a 1T (H 2 OAlH 2 OH) cluster at the HF/6-31G* level of theory, predicted a transition state, whose structure and charge distribution were indicative of CH 3 -sH 2 Z + species (where Z represents the zeolite cluster). Theoretical studies done by Blaskowski et al., 12 using a 3T (H 3 Si-OHAl(OH) 2 -O-SiH 3 ) cluster and various local and nonlocal density functional methods (DFT), with the double plus polarization (DZPV) basis set, and by Truong, 13 using a 3T cluster and a nonlocal hybrid DFT method, both predict transition states similar to Kramer et al. Consequently, to date the nature of the transition state for this reaction is still unclear. All models agree that the transition state geometry resembles a CH 3 fragment, loosely bound to the transferring protons, which are bound to the zeolite framework to some degree. There is, however, still some dispute on the net charge of the CH 3 fragment, as well as the proximity of the exchanging protons to the zeolite framework.
It is not surprising that stable carbonium ion intermediates were not found in these studies, since it is common knowledge that carbocation stability is directly related to the number of alkyl substituents. With no substituents to stabilize it, the CH 5 + ion is very unstable, and therefore not readily observable. What is surprising is that none of these predictions support a "carbonium ion-like" structure or charge distribution for the transition state, as one would expect based on the typical protontransfer mechanisms applied to zeolite catalysis. It has been noted that the degree of ionicity of the transition state-lattice interaction is an important parameter, since the more ionic the transition state, the smaller the correlation between activation energy and the differences in proton affinity between the oxygen atom that is deprotonated and the oxygen atom that becomes protonated after the reaction. 4 The implication of this is that the activity differences Kramer et al. simulated for different zeolites, based solely on proton affinity differences between the various active sites, could be perturbed significantly if a more ionic transition state was found.
Previous theoretical studies [14] [15] [16] [17] [18] show that inclusion of the zeolite's electrostatic potential is an important factor in stabilizing the NH 4 + sZ -complex in the zeolite framework, with reaction energies in good agreement with experiment. Thus, the Madelung potential, which is not included in the cluster model, could be a key component to model this hydrogen exchange reaction, since its presence would help stabilize the formation of a more ionic transition state.
Recently we have developed an embedded cluster model, which allows accurate inclusion of the Madelung potential from the extended crystal structure. This model has been successful in studying adsorption of NH 3 in chabazite and H-zeolite Y, 17, 18 and of CO in H-ZSM5 and Li-ZSM5. 19 The goal of this study is to use this embedded cluster model to address the above question regarding the effects of the Madelung potential on the mechanism of the hydrogen exchange reaction between methane and H-zeolite Y. In addition, we also examine the proton siting in H-zeolite Y in comparison to neutron and X-ray diffraction studies, 20-22 as well as theoretical studies. [23] [24] [25] 
Methodology
The details for our embedding scheme have been presented in depth elsewhere, 26 so we will only give a quick overview here. Briefly, we use a 3T quantum cluster (H 3 SiOAl-(OH) 2 OSiH 3 ), cut from the zeolite at the site of interest, where dangling bonds are saturated with H's (see Figure 1 ). Using a previous study's example we have fixed the length of these dangling bonds at 1.48 Å for Si-H bonds and 1.00 Å for O-H bonds. 14 Local coulomb interactions of the zeolite are included via a set of explicit point charges at lattice sites, where the charge values are derived from a periodic population analysis (Si ) 1.97 au and O ) -0.985 au). 27 The remainder of the Madelung potential is then represented by a small number of surface charges created within the SCREEP (surface charge representation of the electrostatic embedding potential) methodology. 26 In all, 1285 point charges are used to represent the Madelung potential. All calculations were performed with the nonlocal hybrid BH&HLYP density functional method 28, 29 with the 6-31G(d,p) basis set. This level of theory was chosen because it was previously shown to yield excellent agreement with the expensive CISD/6-31G(d,p) method for this same reaction (within 3 kJ/mol). 13 Zero-point energy estimates were achieved by calculating frequencies at all stationary points, using the embedded cluster and BH&HLYP/6-31G(d,p) method. To minimize contributions of the artificial cap H's, we assigned an arbitrarily high mass (1000 a.m.u) to them in these frequency calculations. Basis set superposition error was accounted for by the counter-poise correction (CPC), 30 which was applied at the BH&HLYP/6-31G(d,p) level of theory, by repeating single point calculations at the stationary states, including ghost basis functions, in the calculation of energies for the individual components of the adsorbate complex. Tunneling corrections were previously estimated with the semiclassical small curvature method, for this system. 13 To achieve final estimates for barrier heights, within our embedded cluster model, we performed CCSD(T)/6-31G(d,p) single-point calculations at the BH&HLYP/ 6-31G(d,p) stationary points.
To represent the steric effects of the zeolite framework, the terminal SiH 3 groups are constrained in the geometry optimizations and transition state searches while the remaining atoms in the quantum cluster are completely relaxed. Note that due to constraints on the SiH 3 groups, the cluster is not symmetric, thus the two oxygen atoms in our 3T cluster (atoms O 1 and O 4 ) are not equivalent, even in our cluster calculations.
Results
Proton Siting. Zeolite Y is of the Faujasite structure, which has only one unique tetrahedral site (Si or Al) and four corresponding nonequivalent oxygens. In this study we will only look at proton exchange between the O1 and O4 sites in zeolite Y, since these sites point into the zeolite supercage, and are therefore readily accessible for methane adsorption/reaction (see Figure 2 ). Labels H 1 and H 5 represent the corresponding acidic protons for these two sites. Table 1 shows the differences in geometries between these two sites. Similar to our previous study, 17 the presence of the Madelung field seems to have little effect on the structure of the zeolite framework, as can be seen by the similarities in the geometries for the embedded and bare cluster cases. The largest difference is in the O 1 sO 4 distance, and corresponding O 1 -Al-O 4 angle, when the acidic proton resides at the O4 site. The O 1 sO 4 distance is 0.12 Å shorter in the embedded cluster than in the bare cluster case. This shorter distance corresponds to a shorter path the acidic proton must travel for proton transfer, and may foreshadow a lower barrier for proton transfer from this site in the embedded case. Despite the similarity in geometries, there is a rather significant difference in energetics between the bare cluster and embedded cluster predictions. Using the embedded cluster model, the acidic proton at the O1 site is predicted to be more stable than at the O4 site by 12.0 kJ/mol. In contrast, bare cluster calculations predict the acidic proton at the O4 site to be favored by 6.4 kJ/mol over that of the O1 site. A few theoretical studies have investigated the question of proton siting in H-zeolite Y. [23] [24] [25] All studies are in agreement with our embedded cluster results, predicting the proton to be more stable at site O1 than O4 by: 51 kJ/mol, using CNDO/2 semiempirical method; 23 18 .4 kJ/mol, performing lattice energy minimizations with shell model potentials; 24 and 54.1 kJ/mol, performing lattice energy minimizations with van Santen et al.'s potential parameters. 25 A recent neutron powder diffraction studies has been able to directly determine the positions and occupations of the proton sites in H-zeolite Y. 22 For the most part, these findings are in good agreement with previous inferences of the proton positions and occupations based on X-ray and neutron diffraction studies. 20, 21 All of these studies predicted 0% occupation at site O4, with the exception of one sample which found 11% of the sites occupied. In contrast, all of these studies found the O1 sites to be populated to a much larger degree, with occupations ranging from 39 to 54% of the sites. Thus, the inclusion of the Madelung potential is important for obtaining the correct order of preferential proton sitings. Furthermore, these results indicate that inclusion of steric constraints alone in cluster calculations is not enough to reproduce the effects of the zeolite framework on energetics.
Adsorption Complexes. Both methods predict adsorption minima for methane at the O1 as well as the O4 sites. Table 2 presents the geometries for these adsorption complexes. There is little difference between the structures predicted by the bare and embedded cluster methods, with the most noticeable difference being the O 1 sO 4 distance, when CH 4 is adsorbed at the O4 site. A shorter distance is found within the embedded cluster formalism, being 0.11 Å shorter than that found with the bare cluster method. Another parameter that varies to a large extent between the two methods is r(H 1 C), for adsorption at site O1. In the embedded case, r(H 1 C) is 0.10 Å longer than in the bare cluster case, which is reasonable since the Madelung potential partially stabilizes the adsorption complex, so that it is not bound as tightly to the zeolite wall. Note that r(H 5 C), during adsorption at site O4, differs by only 0.01 Å for the two methods. Perhaps this asymmetric behavior is due to the more acidic nature of the Brønsted proton at site O4. Above it was noted that within the embedded cluster model the proton affinity of site O4 is weaker than that of site O1 by 12.0 kJ/mol, so conversely the acidity of site O4 is stronger to the same extent. Since this site is more acidic, we would expect it to interact more strongly with the methane, and consequently, the hydrogen bond between the zeolite and methane would be shorter.
The calculated adsorption energies, using the embedded cluster model are: -12.0 and -10.3 kJ/mol, at sites O4 and O1, respectively. Using the bare cluster method, the predicted adsorption energies are: -9.2 and 1.7 kJ/mol, at sites O4 and O1, respectively. Both methods predict very weak interactions between the methane and the zeolite Brønsted site, with the strongest binding occurring at the O4 site. The predicted adsorption energies at site O4 are comparable for both methods, however, at site O1 they differ by 12.0 kJ/mol, with the bare cluster method actually yielding a positive adsorption energy. This positive adsorption energy is due to the constraints imposed on the terminal SiH 3 groups of the cluster. By releasing these constraints and performing full geometry optimizations an adsorption energy of -8.1 kJ/mol was found for adsorption at this site.
Is the Transition State a Carbonium Ion? To answer the question regarding the nature of the transition state we focus this discussion on the geometry and charge distribution of the transition state. Table 3 presents the BH&HLYP transition state geometries, using both the bare and embedded cluster methods, as well as previous theoretical results 11 for this system. The important geometrical parameters are r(H 1 O 1 ), r(H 5 O 4 ), r(H 1 C), and r(H 5 C) (see Figures 1 and 2 for atom labels). These parameters identify the relative positions of the exchanging protons (H 1 and H 5 ) in the transition state. In our bare cluster calculations we find a transition state nearly identical to those reported by previous cluster studies 10, 12, 31 where the exchanging protons are shared equally between the zeolite and the methane molecule, with r(
The Madelung potential noticeably shifts the relative locations of the exchanging protons at the transition state away from the zeolite framework. In the embedded case, r(H 1 O 1 ) and r(H 5 O 4 ) are 0.13 and 0.10 Å longer, respectively, than our corresponding cluster predictions. The embedded predictions for these parameters are also 0.26-0.29 Å longer than those predicted by Evleth et al., 11 using a 1T cluster model at the HF/6-31G(d) level. In addition, r(H 1 C) and r(H 5 C) are 0.06 and 0.05 Å shorter in the embedded cluster case than those in the analogous cluster results, and are also shorter than all other cluster predictions. Also, when compared to the structure of free CH 5 + (in Table 3 ), the embedded cluster's transition state structure is closer for the CH 5 moiety than any of the bare cluster predictions.
The Mulliken population (in Table 3 ) for the embedded cluster's transition state also agrees more closely to the free CH 5 + ion than the cluster predictions. To examine the net charge on the carbon atom, q net (C), the hydrogen atoms' charges were summed into their nearest heavy atom neighbors. This analysis was not presented in Evleth et al.'s original report, so we approximated their values by evenly dividing the charge of the exchanging protons (H 1 and H 5 ) between the carbon and oxygen atoms. This will slightly overestimate the carbonium nature of their transition state since the exchanging protons in the cluster models are actually closer to the zeolite oxygens than the carbon atom; however, it does not alter the conclusion. In the BH&HLYP cluster case an effective charge of only 0.21 au resides on the carbon atom, verses the 1.00 au expected for a carbonium ion species. Although slightly positive, these charges in conjunction with the predicted structures, seem more consistent with a covalently bound hydrocarbon fragment or radical than a carbonium ion. The 1T cluster model at the MP2/ 6-31++G(d,p)//HF/6-31G(d) level yields significantly different results. It predicts a net negative charge on the carbon atom. In our embedded cluster calculations, the transition state is significantly more ionic than the present and previous cluster predictions, with more than three times as much positive charge (0.67 au) effectively lying on the carbon atom. The charge is not 1.00 au as would be the case for an isolated CH 5 + molecule, because the adsorbate species is bound to the zeolite framework, yet it is positive enough to display definite ionic character. So the Madelung potential promotes the carbonium-character in the transition state of this hydrogen exchange reaction.
Effect of the Madelung Potential on Barrier Heights. Calculated barrier heights, along with those from previous studies, are listed in Table 4 . To be consistent with previous studies, the reported barriers are relative to the isolated Brønsted sites and isolated methane instead of the adsorption complex. [10] [11] [12] [13] On the basis of the discussion above, we would expect the Madelung potential to lower the reaction barrier, due to the ionic nature of our transition state. In fact, the Madelung potential reduces the barrier heights by 10.7 kJ/mol from the O1 site and by 29.1 kJ/mol from the O4 site, relative to the bare cluster calculations. In more quantitative terms, the CCSD(T)// BH&HLYP classical barriers are 132.5 and 144.4 kJ/mol for hydrogen exchange from the O4 and O1 sites, respectively. The BH&HLYP method yields good barrier heights, lying only 6.5 kJ/mol too high, relative to the CCSD(T) results. Including zeropoint energy corrections, the barrier heights are further reduced by approximately 10 to 12 kJ/mol; however, applying the counterpoise correction increases the barrier heights by 7 to 8 kJ/mol. From our previous study, 13 using the accurate multidimensional semiclassical small curvature tunneling method, 32 we found that tunneling can further reduce the barrier by an additional 1.6 kJ/mol in the experimental temperature range of 620-750 K. We also must consider deviations arising from our treatment of steric constraints at the boundary of the quantum cluster. By fixing the terminal SiH 3 groups of the cluster we are over-estimating this constraint. Above we demonstrated that the binding of CH 4 was increased by 9.8 kJ/mol when these constraints were removed in the bare cluster calculations, so we can estimate deviations in the barrier heights due to these constraints to be less than 9.8 kJ/mol. Including all of these corrections, we arrive at barrier heights of 124 ( 5 and 137 ( 5 kJ/mol for hydrogen exchange from sites O4 and O1, respectively. Note that our proton siting results found the Brønsted site to be more stable at O1. Considering the relative energetics of the two proton sites, we can approximate the effective activation energy by considering the Boltzmann distribution between these sites at 650 K (90.2% at site O1 and 9.8% at site O4), and weight the barriers accordingly. In this manner we arrive at a final estimate of 136 ( 5 kJ/mol for the effective barrier height, in agreement with the experimental estimates of 122-130 kJ/mol. 10, 4 Comparing the present results with previous theoretical studies (see Table 4 ), [10] [11] [12] 31 the BP/DZPV and BP-SCF/DZPV barrier heights are also within the experimental range of 122-130 kJ/ mol. This might lead to the conclusion that the Madelung potential is not essential for this reaction; however, in a previous systematic study 33 on the performance of different DFT methods for studying reactions of this nature, it was found that the Becke 34 -Perdew 35 (BP) method tends to underestimate barrier heights by approximately 30 kJ/mol. Such a finding is consistent with the results for the present hydrogen exchange reaction, for the BP/DZPV and BP-SCF/DZPV methods predict barriers ∼30 kJ/mol lower than those from the present BH&HLYP/6-31G(d,p) and CCSD(T)/6-31G(d,p) calculations, and the previous CISD/6-31G(d,p) result. 31 The other previous studies all Used adsorbed CH4 as reference minima instead of free acid site, but adsorption energies are low enough (∼ -3 kJ/mol) that comparison is still reasonable present barriers in good agreement with our bare cluster predictions.
Conclusions
In this study, we have employed an accurate ab initio embedded cluster model to study the mechanism of the hydrogen exchange reaction between CH 4 and Zeolite H-Y. We found the transition state has carbonium-like characteristics from both geometrical and electron density considerations. This increased carbonium character is due to inclusion of the Madelung potential, which was neglected in the previous cluster calculations. The Madelung potential is also responsible for predicting site O1 to be the preferred site for the Brønsted proton, over O4, in agreement with theoretical and experimental findings. The embedding potential reduces the barrier for this reaction by approximately 17-23 kJ/mol, relative to the corresponding bare cluster predictions. Including zero-point energy (∼10 kJ/ mol), the counterpoise correction (7-8 kJ/mol), and tunneling corrections (1.6 kJ/mol), we predict the activation energies to be 124 ( 5 (from site O4) and 137 ( 5 kJ/mol (from site O1), in good agreement with the experimental range of 122-130 kJ/mol. This study demonstrates the advantages of the ab initio embedded cluster method in modeling the nature of zeolite active sites, adsorptions, and catalytic reactions occurring at these sites.
